Iphisa elegans Gray, 1851 is a ground-dwelling lizard widespread over Amazonia that displays a broadly conserved external morphology over its range. This wide geographical distribution and conservation of body form contrasts with the expected poor dispersal ability of the species, the tumultuous past of Amazonia, and the previously documented prevalence of cryptic species in widespread terrestrial organisms in this region. Here we investigate this homogeneity by examining hemipenial morphology and conducting phylogenetic analyses of mitochondrial (CYTB) and nuclear (C-MOS) DNA sequence data from 49 individuals sampled across Amazonia. We detected remarkable variation in hemipenial morphology within this species, with multiple cases of sympatric occurrence of distinct hemipenial morphotypes. Phylogenetic analyses revealed highly divergent lineages corroborating the patterns suggested by the hemipenial morphotypes, including co-occurrence of different lineages. The degrees of genetic and morphological distinctness, as well as instances of sympatry among mtDNA lineages/morphotypes without nuDNA allele sharing, suggest that I. elegans is a complex of cryptic species. An extensive and integrative taxonomic revision of the I. elegans complex throughout its wide geographical range is needed.
INTRODUCTION
Biodiversity is unevenly distributed on Earth with tropical forests sheltering more than 50% of the living species known to science (Wilson, 1992; Gaston & Williams, 1996; Myers et al., 2000) . Despite its recognition as a megadiverse biome, the species richness of Amazonia remains superficially known and patterns of diversification throughout its area are poorly understood (Bush, 1994; Noonan & Wray, 2006) . Many small terrestrial vertebrates apparently similar in body form and external characters have surprising widespread distributions if we consider the extent of their range, their putative low vagility, and the highly complex climatic and geological history of the region (Antonelli et al., 2010; Hoorn et al., 2010) . Studies addressing patterns of genetic diversity within such species are scarce but most have revealed ancient and well-geographically structured lineages, suggesting complexes of cryptic species (Chek et al., 2001; & Rodrigues, 2010; Funk, Caminer & Ron, 2012) . DNA sequences have indeed been decisive in the recognition of hidden diversity in morphologically similar forms, from the African elephants (Vogel, 2001) to the tiny Amazonian sphaerodactylid geckos of the genus Chatogekko (Geurgas & Rodrigues, 2010; Gamble et al., 2011) . Moreover, the adoption of a more integrative taxonomy as a framework to integrate diverse lines of evidence such as molecular and morphological data has greatly improved the reliability and efficiency of species delineation (Padial et al., 2010; Miralles et al., 2010) .
The monotypic genus Iphisa Gray, 1851 (Gymnophthalmidae) is one such widespread species that is present throughout Amazonia (Dixon, 1974; Peters & Donoso-Barros, 1986) . It is a small (maximum snoutvent length around 62 mm) leaf litter-dwelling species showing little morphological variation along this area. It was erected to allocate I. elegans, after a specimen collected by Wallace and Bates with an imprecise type locality comprising a vast area around the region of Belém, Pará State, northern Brazil (Gray, 1851; Dixon, 1974) . The only revision of the genus supported Iphisa as comprising a single species and recognized the populations from Peru and Bolivia as a distinct subspecies (I. e. soinii) diagnosed by lack of prefrontals and presence of a higher average number of femoralpreanal pores (25.0 vs 19.3 in the typical form) (Dixon, 1974) . However, as Dixon's (1974) scheme was based on a restricted sample (50 specimens, mainly from northern and western Amazonia) it was never followed (Hoogmoed, 1973; Ávila-Pires, 1995) . Moreover, the status of I. e. soinii with respect to the nominal form has never been properly examined on the basis of a more representative sampling.
In the course of a broad study of gymnophthalmid hemipenial morphology (Nunes, 2011) we detected a surprising hemipenial variation in the organs of I. elegans. The hemipenis of squamates is directly involved in copulation and differences in hemipenial morphology can be considered a physical mechanism of reproductive isolation (Pope, 1941; Arnold, 1986a) . Therefore, characteristics of this organ are expected to be highly informative for phylogenetic studies and species characterization. In fact, for more than a century hemipenial morphology has been efficiently used to understand the relationships among squamates.
The relevance of hemipenial data for phylogenetic studies has been widely debated in the literature. According to some authors, the evolution of this organ would be less subjected to ecological and environmental constraints than features of external morphology, and thus would be phylogenetically more informative than other structures (Dowling, 1967; Arnold, 1986a; Keogh, 1999) . However, evidence of intraspecific hemipenial polymorphism (McDowell, 1979; Cole & Hardy, 1981; Zaher & Prudente, 1999; Inger & Marx, 1962 ) apparently contradicts such a hypothesis, suggesting that hemipenial characters are not distinctively more conservative, accurate, or informative than any other morphological features (Myers, 1974; Zaher & Prudente, 1999) . In fact, the importance of variation in traits that mediate pre-zygotic isolation, such as call advertisement in frogs, is clear and often represents a crucially relevant source of characters for taxonomic approaches (Padial et al., 2010) .
The rare reports of discrete populational variations in hemipenial morphology refer to shape, ornamentation, and/or size (Myers, 1974; Cole & Hardy, 1981) . Inger & Marx (1962) detected four remarkably distinct hemipenial morphotypes in the snake Calamaria lumbricoidea; nonetheless, despite the geographical proximity among the populations investigated, none of the patterns was found in sympatry. Zaher & Prudente (1999) also reported remarkably different hemipenial morphotypes, including sympatric occurrence, in the widespread Neotropical forest snake Siphlophis compressus (Pseudoboini). Although the studies above have interpreted cases of hemipenial polymorphism as intraspecific variation, hemipenial differences between populations that are otherwise largely homogeneous may also indicate the existence of cryptic species, as demonstrated by Prudente & Passos (2010) . Moreover, there have as yet been no attempts to explore genetic information in such cases of morphological variation. Interpreting the evolutionary significance of these particular examples of morphological plasticity is far from easy, and molecular data may greatly contribute to the clarification of such complex patterns.
Oriented by the astonishing hemipenial variation observed in I. elegans, a lizard that is otherwise morphologically extremely conservative, we (1) investigate its morphological and genetic homogeneity examining hemipenis (49 specimens from 32 different localities) and DNA sequences (22 samples from 16 localities; nuclear and mitochondrial genes) across Amazonia in order to (2) explore hemipenial variability among populations and (3) discuss the morphological diversity in the light of DNA sequences of nuclear and mitochondrial genes, suggesting hypotheses for the origin of the hemipenial variation found in I. elegans throughout Amazonia.
MATERIAL AND METHODS

TAXON SAMPLING
We examined the hemipenis of 49 specimens of I. elegans from 32 different localities in Brazil, Ecuador, French Guiana, Guyana, and Peru (Appendix 1). Rodrigues et al. (2009) .
HEMIPENIAL PREPARATIONS
Hemipenis preparation followed the procedures described by Manzani & Abe (1988) , as modified by Pesantes (1994) and Zaher (1999) for snake organs. In addition, we used an alcohol solution of Alizarin Red to stain ornamenting calcareous structures in an adaptation of the procedures used by Uzzell (1973) and Harvey & Embert (2008) . Terminology for hemipenial characters follows Dowling & Savage (1960) , Uzzell (1973) , Zaher (1999) , and Myers, Rivas Fuenmayor & Jadin (2009).
MOLECULAR METHODS
Genomic DNA was extracted using the Promega DNA extraction kit. One fragment of the mitochondrial gene (mtDNA) Cytochrome b (CYTB) and one fragment of the nuclear gene (nuDNA) oocyte maturation factor Mos (C-MOS) were amplified by standard PCR techniques. Primers and PCR conditions used for amplification were as described by Bickham, Wood & Patton (1995) and Kocher et al. (1989) for CYTB and by Godinho et al. (2006) and Saint et al. (1998) for C-MOS (Appendix 2). PCR products were purified using EXOI (Exonuclease I) and SAP (Shrimp Alkaline Phosphatase) techniques. Sequencing was performed using ABI Big Dye v3.1 (ABI, Foster City, CA, USA) and resolved on an automated sequencer at Instituto de Química da Universidade de São Paulo (IQUSP -São Paulo, Brazil) and Genomic Engenharia (São Paulo). Sequences were edited and aligned with Codon Code Aligner v.3.5.2. New sequences were deposited in GenBank (Appendix 1). Some CYTB sequences of gymnophtalmid species used as outgroup used remained slightly shorter (~150 bp).
ALIGNMENT AND SEQUENCE DATA ANALYSIS
Alignments were verified by eye and trimmed to remove the most incomplete data, leading to 752 aligned base pairs (bp) of the CYTB gene and 532 bp of the C-MOS gene.
We used the software MrModeltest version 2.3 (Nylander, 2004) to select the substitution models that best fit each codon position of CYTB and the fragment as a whole according to the Akaike Information Criterion (Akaike, 1974) . The resulting three models for each codon position were used in a partitioned Bayesian analysis (Appendix 3) performed with MrBayes 3.1 (Huelsenbeck & Ronquist, 2001) . Bayesian analysis consisted of two independent runs of 1.0 ¥ 10 7 generations with random starting trees and ten Markov chains (one cold) sampled every 1000 generations. Adequate burn-in was determined by examining a plot of the likelihood scores of the heated chains for convergence on stationarity as well as the effective sample size of values in Tracer 1.5 (Rambaut & Drummond, 2003) . We also performed maximum-likelihood (ML) and maximum-parsimony (MP) analyses with PAUP 4.0b10 (Swofford, 1993) . The ML analysis was conducted using the best fitting model estimated for the entire CYTB fragment. We computed 100 nonparametric bootstrap pseudoreplicates (Efron, 1979; Felsenstein, 1985) with the heuristic search option, tree bisection-reconnection (TBR) branch swapping and ten random taxon addition replicates per pseudoreplicate. Support for proposed clades using MP was assessed via 10 000 non-parametric bootstrap pseudoreplicates (Efron, 1979; Felsenstein, 1985) with the heuristic search option, TBR branch swapping and ten random taxon addition replicates per pseudoreplicate. In total, 275 characters were parsimony informative, and 55 variable characters were not parsimony informative. We considered relationships with posterior probabilities Ն0.95 and/or bootstrap percentages Ն70% (Hillis & Bull, 1993) to be strongly supported. Trees were rooted on Heterodactylini (Caparaonia + Heterodactylus + Colobodactylus) according to Rodrigues et al. (2009) .
To determine the most probable alleles for individuals recovered as heterozygous on the C-MOS fragment we used PHASE (Stephens, Smith & Donnelly, 2001; Stephens & Donnelly, 2003) implemented in DnaSP 5 (Librado & Rozas, 2009 ). We used default conditions, including 500 iterations (which were sufficient to reach stationarity), a burn-in of 100, and a thinning interval of 1. To improve reliability, we ran the algorithm multiple times with a different random number of seeds. We chose the run with the highest CRYPTIC SPECIES IN IPHISA ELEGANS GRAY, 1851 363 average value for the goodness of fit. One individual remained with ambiguous phasing (MHNC 10082). Statistical parsimony network was calculated for the phased C-MOS alignment using TCS 1.21 (Clement, Posada & Crandall, 2000) , with a 95% connection limit.
RESULTS
HEMIPENIAL MORPHOLOGY
Analysis of hemipenial morphology revealed a remarkable variation among I. elegans populations; in one case, variations were also detected among specimens of the same population (i.e. specimens belonging to the same locality). We recognized five distinct hemipenial morphotypes (Fig. 1 ) based on hemipenial body shape, position and number of calcareous spicules, and size and form of lobes. We describe the five hemipenial morphotypes, explicitly associating each one with their respective localities of occurrence. General description: Hemipenes slender and cylindrical; hemipenial body covered by numerous calcified spicules; lobes short, apexes ornamented by small papillate folds.
Variation: Populations from Aripuanã and Rio Ampiyacu (the latter not sampled in the molecular analyses) have a narrow bare area on the central region of the asulcate face, whereas the hemipenial bodies of the remaining specimens are entirely covered by spicules. General description: Base of hemipenial body distinctly wider than apex ('pear-shaped' organ); large calcified spines present on lateral surface of hemipenial body and on the asulcate face; spines of asulcate face organized in two rows, converging towards apex into a single row attaining level of lobular crotch; flounces lacking calcified spicules; long and . For Bayesian analysis we used a partitioned model of evolution combining one model, estimated using MrModeltest 2, for each codon position. Node supports are indicated with 1, posterior probability*100 (10 000 000 generations sampled every 1000; 10 chains); 2, maximum likelihood bootstrap support (n = 100); maximum parsimony bootstrap support (n = 10 000). Posterior probabilities equal to 1 and 0.99 and bootstrap values equal to 100 and 99 are indicated with '*' while '-' indicates bootstrap support <50%. Relationships that remained poorly supported are indicated in red. Hemipenial morphotypes are illustrated beside each of their corresponding clades. Localities for which molecular and hemipenial data are available are indicated by '°'. B, statistical parsimony network based on phased C-MOS alleles (n = 44). Colours correspond to the major clades illustrated in the mtDNA-based phylogenic tree reconstruction with the size of the circles being proportional to the frequency of the allele as also indicated in the circles. Each C-MOS allele has been coded with a letter (a-l).
slender finger-shaped appendices present on apexes of lobes; sulcus spermaticus ending on apex of lobular appendix.
Variation: Specimens from Campo Catuquira and Campo Tupana (both not sampled in the molecular analyses) lack spines on lateral surface of hemipenial body, and the spines of asulcate face are not arranged in convergent rows, but scattered throughout its central region. 
Variation:
The number and size of spines on the central area of the asulcate face vary among the localities sampled.
MOLECULAR PHYLOGENETIC ANALYSES
The topology recovered from mtDNA is relatively well resolved, with the ingroup (genus Iphisa) having 12 of 21 nodes strongly supported by posterior probability (PP Ն 0.95) and eight of 21 nodes strongly supported by maximum parsimony bootstrap (bootstrap support Ն 95%) ( Fig. 2A) . Although levels of support are heterogeneous among the methods used, there are no conflicts among topologies. Iphisa elegans was unambiguously recovered as monophyletic and, although poorly resolved, the relationships among gymnophtalmids match the topology of Rodrigues et al. (2009) . The genetic diversity recovered within Iphisa is striking and is broadly congruent with the hemipenial patterns ( Fig. 2A) . Each population harbours a highly divergent lineage, the only exception being the three southern populations of clade 1A from the localities of UHE Guaporé, Apiacás, and MontenegroCacaulândia. As a matter of comparison, the degree of divergence (maximum p distance = 0.152) within Iphisa is comparable with the divergence among related Iphisiini genera, which have remarkably distinct general morphology (Appendix 4).
The analyses recovered two major clades within Iphisa: Clade 1 occurs in southern Amazonia (from Rio Abacaxis to Guaporé), and Clade 2 occurs over the remaining territory of Amazonia (from the Guiana Shield to Peru and Rondônia). Each of these clades includes highly divergent and strongly supported subclades. Clade 1 displays a clear structure, although its two subclades show wide geographical overlap over the Abacaxis and the Aripuanã basins. Clade 2 and its subdivisions are not well supported. Nevertheless, given the geographical distribution of the subclades (Peru vs. Guiana Shield and Rondônia) we considered these two groups in latter analyses. The genetic subdivisions detected are so pronounced that each of these subclades (1A, 1B, 2A, and 2B) is itself divided into multiple highly divergent lineages. Such genetic structure reveals that our sampling remains insufficient to estimate the actual distribution of these lineages so that the degree of geographical overlap among them may in fact be far more important.
Nevertheless, it is noteworthy that, in one case, two lineages (1Ba and 1Bb) within subclade 1B are syntopic and that at least subclades 1A and 1B appear largely sympatric and do not share any C-MOS allele (Fig. 2B) . Clade 2A appears to cover a wide area from the Guiana Shield to Rondônia, but again the different lineages involved show high degrees of genetic divergence. Even the two populations sampled at very close localities in Peru (EEBB Pithecia and Hamburgo, in Loreto) are highly divergent (CYTB p distance = 0.11; Appendix 4).
Interestingly, the nuDNA data provide a structure that is concordant with the most basal mtDNA splits within Iphisa. Subclade 1A displays a fixed substitution and within subclade 1B the two groups do not share any allele. The only instances of allele sharing are among geographically distant populations and correspond to the central haplotype, which probably represents an ancestral state. Therefore, our data provide no evidence of gene flow among genetically differentiated populations occurring in geographical proximity.
DISCUSSION CRYPTIC SPECIES
Inaccuracy in the evaluation of diversity has important ramifications, and thus a precise delimitation of species is essential to many disciplines such as biogeography, ecology, macroevolution, biodiversity assessment, and conservation given that species are basic units of analysis. However, delineating species remains a challenge. Cryptic species are detected when one recognizes two or more distinct species previously classified as a single species due to overall morphological similarity that prevents immediate obvious distinction (Bickford et al., 2007; Pfenninger & Schwenk, 2007; Trontelj & Fišer, 2009 ). Recent DNA-based studies (e.g. Fouquet et al., 2007; Koch et al., 2009; Mott & Vieites, 2009; Geurgas & Rodrigues, 2010; Oliver, Adams & Doughty, 2010; Hekkala et al., 2011; Morin et al., 2011; Wu et al., 2011) have demonstrated the existence of considerably divergent lineages ignored by taxonomic systems solely based on morphological grounds, revealing degrees of genetic divergence that reflect millions of years of evolutionary history. Although morphology may be of little use in revealing important historical divergences among cryptic species (Elmer, Dávila & Lougheed, 2007; Koch et al., 2009; Geurgas & Rodrigues, 2010) , morphological evidence remains crucial in their description and precise diagnoses (Hillis & Wiens, 2000) . Therefore, species limits are undoubtedly better understood through the combination of different kinds of information (Padial et al., 2010) such as DNA and morphology. Another crucial point in delimiting cryptic species lies in distinguishing between broad-admixture, narrow contact zones with restricted hybridization and complete isolation (Wake & Jockusch, 2000) , allowing assessment of the independence of evolutionary trajectories of the entities. Thus, delineation of species not only requires the use of a combination of multiple lines of evidence, but also a thorough sampling to provide an accurate description of the biodiversity.
The striking congruence between different types of characters (hemipenial, mitochondrial, and nuclear data) in I. elegans provides strong evidence supporting the existence of distinct species (Dayrat, 2005; DeSalle, Egan & Siddal, 2005; Padial et al., 2010) that remained masked by overall homogeneous external morphology. In addition, some of these candidate species distributions overlap geographically, with syntopy observed in at least one locality (São Sebastião, Rio Abacaxis). Broader sampling throughout the range of the genus will probably reveal more instances of co-occurrence of distinct entities. The geographically overlapping mtDNA-based groups do not share any nuclear alleles, suggesting that these lineages are reproductively isolated. On the other hand, the candidate species that are undistinguishable on the basis of nuDNA and have more similar hemipenial morphology were found in distant locations and are probably geographically isolated. Therefore, concordance between the criteria of coalescence and isolation, as coined by de Queiroz (1998) , as well as two independent lines of evidence (DNA and morphology) suggest that several cryptic species exist under the name I. elegans and indicate the need of reformulations towards a more informative taxonomic system for the genus Iphisa.
Our results indicate the existence of five major groups supported by molecular and hemipenial data, contrasting with Dixon's (1974) conclusion that the genus is monotypic with no more than two distinguishable varieties (i.e. subspecies). However, Dixon's (1974) conclusions were based on a rather limited sampling and strictly on morphology.
Within the clades recovered here, the Peruvian lineage designated as clade 2B corresponds to specimens that morphologically fit Dixon's (1974) description of I. e. soinii. Unfortunately, specimens from the type locality of I. e. elegans [300-mile radius of Pará, Brazil, sensu Gray (1851) ; by Pará, Dixon (1974) probably refers to the municipality of Belém, Pará State] were not available for our analyses. However, in our sample, the specimens from the closest localities to the Belém region (Pará state) are from the left bank of the Amazon River and appear nested in clade 2A. The imprecise locality of the holotype and the limited number of samples available for this study prevent any conclusion regarding the actual CRYPTIC SPECIES IN IPHISA ELEGANS GRAY, 1851 367 correspondence between the nominal form of I. e. elegans and any of the lineages detected herein. Therefore, we believe that any nomenclatural actions regarding the I. elegans complex depend on a comprehensive taxonomic revision with more extensive sampling, as well as more detailed morphological and molecular analyses.
PREMATING REPRODUCTIVE ISOLATION
The hemipenial variation within I. elegans is unusual for squamate species showing otherwise homogeneous overall morphology (e.g. Uzzell, 1966 Uzzell, , 1973 Arnold, 1986a, b; Zaher, 1999) . Regarding gymnophthalmids, such a level of variation could be compared with the variation observed between different related genera (Presch, 1978; Nunes, 2011) . Thus, it is striking that these hemipenial morphotypes are sympatric, with at least four lineages occurring in very close geographical proximity, or even in syntopy [specimens belonging to clades 1Ba and 1Bb are syntopic on the same bank of Rio Abacaxis, but are remarkably distinct with respect to hemipenial structure (see Figs 2A, 3) ]. In contrast, the allopatric lineages constituting clade 2 display more similar hemipenes (Fig. 2) .
Such results suggest that hemipenial morphology may be directly linked to the origin of this pattern. A reasonable preliminary hypothesis for the origin of such pattern could rely in a speciation process occurring through reinforcement of premating isolation as a consequence of secondary contact between lineages (Dobzhansky, 1940 (Dobzhansky, , 1951 Butlin, 1987; Liou & Price, 1994; Hoskin et al., 2005) . Although the basis of this process has been seriously questioned in recent decades (Butlin, 1987 (Butlin, , 1995 (Butlin, , 2004 , there remains strong support (Hoskin et al., 2005; Lemmon, 2009) . Speciation by reinforcement is based on prezygotic isolation between two or more populations previously hybridizing, enhancing characters that decrease gene flow between them. According to Servedio & Noor (2003) , if two populations have diverged to such an extent that they produce unfit hybrids, one must expect that more successful offspring will result from individuals belonging to the same population; therefore, those characters increasing assortative mating will be favoured until full speciation eventually takes place (Butlin, 1987) . Nevertheless, in the case of Iphisa the ecological differences or characteristics favouring assortative mating remain uncertain, as habitat is apparently similar among groups. Therefore, this hypothesis implies that the differences in hemipenial general conformation may prevent hybridization among cryptic species exposed to secondary contact and ultimately favoured speciation and range overlap.
Similar patterns of hemipenial variation concordant with genetic variability may be expected for other squamate groups. Molecular investigations on previously documented cases of intraspecific hemipenial morphological variation [e.g. Calamaria lumbricoidea (Inger & Marx, 1962) ] and Siphlophis compressus (Zaher & Prudente, 1999) ] may also reveal cryptic species and thus provide additional support for our interpretation regarding the presence of a complex of species under the name I. elegans. Figure 3 . A, localities of occurrence of the five hemipenial morphotypes of some Iphisa elegans specimens sampled herein (asterisks, morphotype 1; black squares, morphotype 2; white triangle, morphotype 3; white squares, morphotype 4; white circle, morphotype 5; white star, sympatric morphotypes 2 and 3); B, localities of the I. elegans specimens submitted to molecular analyses with clades illustrated on Figure 2 emphasized by polygons (1A, 1B and 2A) and an ellipse (2B). Common darkened area represents an approximation of the Amazonia geographical coverage; black numbers correspond to specific localities listed in Appendix 1.
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